Deferrioxamine B and rhodotorulic acid, iron-chelating agents of microbial origin, exerted a pronounced inhibitory effect on pathogenic Naegleria fowleri at microgram levels. This inhibition was diminished by adding iron to the chelators before incubation with Naegleria isolates. These and related microbial iron chelators occur naturally in the environment. This could be of considerable ecological significance and provides a novel hypothesis to account for the proliferation of pathogenic Naegleria spp. in certain aquatic habitats.
Primary amoebic meningoencephalitis (PAM) refers to cerebral infections caused by freeliving amoebae. This condition was first described in 1966 (2) , and to date, approximately 130 cases of PAM have been documented (24) . A review of case histories and animal experiments demonstrated a direct route of cranial invasion through the olfactory mucosa and cribriform plate along the olfactory nerve (6) . Naegleria fowleri is the main causative agent of PAM, although the genus Acanthamoeba has been implicated in some cases (3) .
Soon after the report of this new disease in 1966 and its association with thermally and organically polluted waters, investigators began to postulate the reason for the occurrence of pathogenic Naegleria spp. in certain aquatic environments. Presently, these hypotheses are rather general in context and are open to some speculation. However, some pertinent concepts have been realized. For example, De Jonckheere and van de Voorde (9) sampled aquatic sites in Belgium, including the discharges from 16 thermally polluting factories, and they concluded that thermally polluted, biologically healthy water is the main site of proliferation for N. fowleri. A relationship between heated waters and the predisposition for harboring pathogenic Naegleria strains was also evident in a study by Stevens et al. (25) . Pathogenic Naegleria strains were also isolated from waters in Florida, and thermal pollution did not appear to play a role in the proliferation of pathogens in that semitropical area (27) . However, it is apparent that elevated water temperature, whether man-made or naturally occurring, is conducive to the proliferation of pathogenic Naegleria strains. Organic pollution has also been implicated as a contributory factor (3). It was postulated that organic effluents promoted bacterial growth followed by an increase in the number of micropredators such as protozoa.
The physiology and nutritional requirements of Naegleria strains and related amoebae have been studied in a variety of axenic culture media. Investigators have noted the importance of iron or iron-containing compounds in these media (1, 21) . Of additional interest was the report that exogenous iron greatly enhanced the viability of pathogenic Naegleria isolates when incubated in fetal calf or human serum (20) . The in vivo affinity of Naegleria strains for iron-containing host erythrocytes was reported by Martinez et al. (17) and Feldman (12) who proposed that Naegleria strains actively used host erythrocytes as their major source of nutriment, assimilating and using heme compounds. The need or affinity of pathogenic Naegleria strains for iron was also observed in a study of pathogenic free-living Naegleria strains in freshwater lakes of Virginia (R. J. Duma, Environmental Protection Agency Project Summary no. 600-S1-80-037, 1981). In this investigation, the greatest number of pathogenic Naegleria isolates was taken from waters which were thermally enriched and contained high concentrations of iron. Iron or iron-containing compounds appear to play an important role in the proliferation of pathogenic Naegleria strains in vitro, in vivo, and in freshwater lakes and other bodies of water.
Because of this affinity for iron or iron-containing compounds, it appeared prudent to us to evaluate the potential of an iron-chelating agent to bind growth-essential iron and make it unavailable to amoebae for growth and multipli-cation. The primary purpose of the present investigation was to determine in vitro the effect of deferrioxamine B on Naegleria growth. Studies were made also with the iron-binding agent rhodotorulic acid.
MATERIALS AND METHODS Amoeba strain and iron chelators. The Lee strain of pathogenic Naegleria fowleri was cultured at 37°C in tubes (16 by 125 mm) containing 3 ml of Chang's calf serum-casein-glucose-yeast extract medium (8) . For studies with deferrioxamine B we used the salt of the ligand (deferrioxamine B mesylate) which is marketed by Ciba-Geigy under the trade name Desferal. Rhodotorulic acid was kindly supplied by J. B. Neilands.
Inhibitory effect of chelators. To evaluate the inhibitory effect of the iron chelators, a stock solution of each was prepared in distilled water and filter sterilized (0.45 ,um). This stock solution was diluted in distilled water so that 0.1 to 0.4 ml delivered the appropriate amount of chelator to the tubes (16 by 125 mm) containing 1.5 ml of Chang's medium. For tubes receiving 0.1 to 0.3 ml of the chelator, additional distilled water was added to bring the total volume of all tubes to 1.9 ml. Control tubes received 0.4 ml of distilled water only. With higher concentrations (Desferal only at 1,000 and 2,000 ,ug/ml), the chelator was added directly to Chang's medium, and then 1.9-ml volumes were filter sterilized into the tubes. Iron chelators were added 24 h before the Naegleria inoculum. For the inoculum, hemacytometer counts from a logarithmic culture were made, and an aliquot of the culture was diluted in Page amoeba saline (22) so that 0.1 ml delivered 1,000 amoebae per ml to the test medium. These tubes were incubated at 37°C. Hemacytometer counts were used to monitor the inhibitory effect of Desferal and rhodotorulic acid.
At greater concentrations of Desferal (1,000 and 2,000 ,ug/ml), the inhibition was so pronounced that an assay was needed to determine the number of surviving amoebae rather than their growth. For this assay, a plaque technique was used. A volume of 0.1 ml of the test medium was added to a thick suspension of Escherichia coli which had previously been concentrated by centrifugation. This suspension (total volume approximately 0.4 ml) was spread evenly over a petri dish (100 by 15 mm) containing nonnutrient agar. After absorption of fluid, plates were inverted and incubated at 37°C (humid conditions had to be maintained in the incubator). Amoebic growth was observed after 48 h by the formation of plaques. As individual amoebae ingested bacteria and multiplied, areas devoid of bacteria were formed. Studies by Chang (5) and in our laboratory (20) have shown that this test provides a good estimate of the number of viable amoebae in a given volume.
To determine if growth inhibition was due to iron deprivation caused by chelation of iron in the medium, sufficient iron was added to saturate the iron chelator before it was added to Chang's medium. Theoretically, 100 ,ug of Desferal can bind 8.5 ,ug of Fe. Iron (FeSO4) was dissolved in distilled water, filter sterilized, and added to the Desferal solution so that 100 p.g of Fe per ml was added to 1,000 ,ug of Desferal per ml. Chelation of iron was evidenced by this solution turning a characteristic reddish color.
RESULTS AND DISCUSSION
Desferal at a concentration of 1,000 and 2,000 ,ug/ml in Chang's amoeba culture medium exerted a pronounced inhibitory effect (Fig. 1) . Figure  1 represents three separate experiments with uniform results. This inhibition was apparent after incubation for 24 h, and no viable amoebae could be recovered after 48 h (2,000 ,ug/ml) and 96 h (1,000 jig/ml). When the concentration of Desferal was lowered, multiplication of amoebae was observed. However, in tubes receiving as little as 10 ,ug of Desferal per ml, multiplication was less than that observed in control tubes not containing Desferal. Addition of iron to Desferal diminished its inhibitory effect (Fig. 1) . Rhodotorulic acid also inhibited Naegleria multiplication in a dose-dependent manner, and at a concentration of 200 ,ug/ml, no multiplication of amoebae was observed. This inhibitory effect was diminished by addition of iron to the chelator.
Amoebic meningoencephalitis is almost always associated with vigorous aquatic activity in naturally or artificially heated waters. These observations also point out the worldwide distribution of pathogenic Naegleria spp. Cases in Australia (28) and Florida (2) were attributed to bathing or swimming in naturally heated waters. In Belgium, PAM was correlated with swimming (26) . PAM has resulted also from swimming in a heated swimming pool in Czechoslovakia (4) and thermal springs in New Zealand (16 (10) . The frequent association of pathogenic Naegleria strains with warmed waters suggests that this is more than a casual relationship. Previously, this association has been attributed to the ability of increased water temperatures to directly enhance Naegleria multiplication and to promote multiplication of bacteria which serve as a food source (3).
Inhibition of pathogenic Naegleria strains by iron chelators used in this investigation is of significance because Desferal is produced by Streptomyces pilosus and rhodotorulic acid by the yeast Rhodotorula pilimanae. These are two of a number of iron-chelating agents produced by bacteria, yeasts, fungi, and algae (18, 19) . Some microbes can produce copious amounts of iron chelator in culture media, and this could be of considerable ecological significance.
Whether a microorganism is in the soil, in vivo, or in an aquatic environment, two physical parameters play a particularly significant role in the production of microbial iron chelators. Increase of incubation temperature or excess amounts of available iron will limit the production of iron chelators (19) . Garibaldi (13) reported that Pseudomonas sp. produced copious amounts of iron chelator at 20°C, but none was detected when incubated at 28°C. He reported similar observations with Salmonella typhimurium when the temperature was increased from 31 to 37°C (14) . Kochan (15) noted temperaturedependent production of iron chelators by E. coli. The other significant physical parameter influencing the production of iron chelators by microbes is the amount of available iron. The synthesis of chelators is iron repressible in that higher concentrations of iron diminish the competition for iron; thus, the need for and production of iron chelators are lowered (19) .
Neilands (19) speculated that probably all aerobic and facultative aerobic microbial cells produce or require iron chelators and that iron chelating is a part of microbial metabolism in soil and in dung. Other investigators have documented the occurrence of algal iron chelators in aquatic habitats, and it appears that the availability of iron may play an important role in determining the stability and composition of aquatic ecosystems (18) .
The occurrence of pathogenic Naegleria strains is most often linked to waters which have elevated temperatures due to thermal pollution. Waters with elevated temperatures possibly suppress the production of microbial iron chelators, thus promoting the proliferation of Naegleria strains. It may also hold that waters which contain high concentrations of iron are conducive to the proliferation of pathogenic Naegleria strains because the production of iron chelators is repressed by elevated concentrations of iron.
One of the most exhaustive attempts to correlate the occurrence of pathogenic Naegleria strains with various aquatic parameters was a study by Duma (Environmental Protection Agency Project Summary no. 600-S1-80-037, 1981). This investigation of freshwater lakes in the Richmond, Virginia, area noted that elevated water temperature correlated best with the presence of amoebae, and when the temperature exceeded 30°C, pathogenic forms were more likely to be isolated. It was reported that thermally enriched lakes which had the greatest number of pathogenic Naegleria isolates contained also high concentrations of iron. The authors of the report stated that they could not account for the association of iron with pathogenic Naegleria strains. However, based on their data, the report recommended "that the effect of iron and other metals or minerals on the appearance of pathogenic Naegleria be studied. " There is circumstantial evidence to support our hypothesis that iron can promote the proliferation of Naegleria strains in nature by repressing the synthesis of microbial iron chelators. It is known that the amount of iron in solution will increase as a body of water undergoes eutrophication (7, 23 45, 1983 on August 14, 2017 by guest http://aem.asm.org/ Downloaded from complex is reduced to the ferrous (Fe2+) state, and it goes into solution, often increasing the amount of iron to several parts per million. Under these conditions the synthesis of iron chelators would be repressed, making the environment with its higher free iron content conducive to the proliferation of pathogenic Naegleria strains.
In light of the information on the distribution of pathogenic Naegleria strains, the production of microbial iron chelators, and the determination that microbial iron chelators are inhibitory to Naegleria strains, the role of thermal pollution and iron in the proliferation of this amoeba takes on added significance in a rather obvious and explanatory manner. We can, perhaps, gain a better understanding of the role of thermal pollution and iron on the distribution of one of the most virulent of protozoa. Additionally, the inhibitory and apparently lethal effect of iron chelation on N. fowleri establishes a principle which may be an avenue of control of pathogenic free-living amoebae in general and in particular a means of treatment for what is usually a fatal disease.
